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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY
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F & REGION III
3;_ M § 1650 Arch Street
%, Philadelphia, Pennsylvania 19103-2029

4 pRoteS
February 27, 2002

John Brzezenski

U.S. Army Corp of Engineers (US ACE)
10 South Howard Street

P.O.Box 1715

Baltimore, MD 21203-1715

RE:  Galaxy/Spectron Superfund Site, Elkton, Maryland
Request for R. F. Weston Assist with PRAP

Dear Mr. Brzezenski:

EPA is currently developing a proposed remedial action plan (PRAP) for the Galaxy/Spectron Superfund Site.
Please have R, F. Weston investigate and develop the use of Hydrogen Release Compound (HRC) as an
alternative remedy for the site. The response should be formatted such that it way be utilized directly in the
PRAP.

The investigation should consider the following issues:

- Will HRC be effective on the type of contaminates on the site?

- Are the concentrations of contaminates too high for HRC to work effectively to reduce contamination?

- Are there other treatments that are better suited than HRC for the contaminates at Spectron?

- Are the conditions (1.E., permeability, etc) at Spectron favorable to use of HRC or other treatments?

- Should HRC be applied through many verticai wells at highly contaminated areas, or should a broader
site wide application through horizontal wetls be used? Which is most cost effective?

- Can Horizontal well be placed at the top of the low permeability layer?

- Will the contaminates in the vadose zone be impacted if HRC is used? Does HRC create a biological
biosparge effect which may require collection of off gases from the vadose zone?

The alternative development should include:

- Demolition of all structures, tanks, and foundations above current asphalt grade:

- Rehabilitating current asphalt cap as required;

- removal of stored soils currently under canopy roof if found to be contaminated or in the alternative use
of those soils as cover;

- Regrading site over existing cap with 24 inches of clean fill cover;

- vertical well investigation to determine best location to apply HRC

- Breakdown of all estimated costs for all of the above

- Time line estimate to accomplish all of the above.

If you have any questions please feel free to contact me at (215) 814-3451.

Sincerely,
A ] Dy
Robegrt Sanchez

Remedial Project Manager

cc: David Pohl, PhD, RF Weston

Customer Service Hotline: 1-800-438-2474AR303087



DRAFT
Spectron Notes in Response to 27 February 2002 Letter
~ (6 March 2002)

The investigation should consider the following issues:

a.

LAECONVECON_53MFOLDERS.S-Z\Spectrom\Resp to 2-27 ltr.doc

Will HRC be effective on the type of contaminates on the site?

Yes, on dissolved phase. It would also increase rate of DNAPL dissolution. The
difficult issue is the unknown amount of VOC mass present at the site.

Are the concentrations of contaminates too high for HRC to work effectively to
reduce contamination?

Available literature indicates probably not.

Are there other treatments that are better suited than HRC for the contaminates at
Spectron?

Others that should be considered:

ISB with sodium lactate.
Chemical oxidation.
Steam injection.
Surfactant flushing.

Are the conditions (I.E., permeability, etc.) at Spectron favorable to use of HRC
or other treatments?

The combination of fractured rock and DNAPL makes the conditions complex but
does not necessarily preclude the use of in situ remediation technologies for
source mass reduction. However, the remediation objective should not be to meet
a specific groundwater concentration, which may not be an attainable goal at this
Site.

Should HRC be applied through many vertical wells at highly contaminated areas,
or should a broader site-wide application through horizontal welis be used?
Which is most cost effective?

Horizontal wells installed into the fractured metamorphic bedrock at this site
would be difficult and expensive. HRC has been applied with vertical wells,
vertical direct-push, and horizontal direct-push methods. The best approach for
this site would probably be vertical open-hole wells with packer injection in the
bedrock (Earth Data, Inc. has experience with this). If saturated overburden
treatment is needed, direct-push injection would probably be the best approach.

AR303088



f. Can Horizontal well be placed at the top of the low permeability layer?
Probably not realistically.
g. Will the contaminates in the vadose zone be impacted if HRC is used? Does HRC

create a biological biosparge effect which may require collection of off gases
from the vadose zone?

nt e
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Accelerated Bioremediation of Chlorinated Solvents - ITRC/RTDF

Section 1

ACCELERATED
BIOREMEDIATION OF
CHLORINATED SOLVENTS

Presented by:
Interstate Technology & Regulatory Cooperation (ITRC)
&
Remediation Technology Development Forum (RTDF)

RTDF Bioremediation Consortium

Cib\ Specialties US EPA
Dow US DOE
DuPont US Air Force
General Electric
GeoSyntec
ICI
Zeneca RTDF

AR303091




Accelerated Bioremediation of Chlorinated Solvents - ITRC/RTDF

- Why Bioremediation?

¢ Because chlorinated solvents biodegrade

& Biodegradation can accelerate dissolution
and reduce cleanup time

+ Cleanup occurs in place; contaminants
are not transferred in location or phase

+ May be a cheaper alternative

Bioremediation Myths

< Bioremediation is the cheapest remedy
# Only dissoived plumes can be treated

+ VOCs are toxic to microorganisms at high
concentrations

+ Bioaugmentation doesn’t work

Section 1 AR303092
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WILCLEAR" ey

bt M\!"Q Sodium Lactate @ ~7~

For Bioremediation Applications 1 Eng
- - - "~ "~
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JRW Technologies” WILCLEAR™ Sodium Lactate for bioremediation is a clear. slightly
viscous liquid that is 60% solids by weight in USP purnitied water. WILCLEART™
Sodium Lactate provides the fowest metals content. as measured by a nationally
recognized analytical laboratory, of any sodium lactate available and exceeds LIS
Pharmacopoeia standards. It is the only sodium lactate that meets all primarv MCL's
(maximum contaminant levelsy for drinking water in a 60% form. thus minimizing
concern for underground injection.

Specification Typical

Sodium Lactate, % by wit, 60+ 1.2 60+ 0.5
H-0 40 + 1.2 40 + 0.5
pH 7.0+ 0.5 6.8-72
Color, APHA 25 max. 10
Iron, ppm 2 max <5
Heavy Metals, ppm 10 max <
Specific Gravity 1.3100-1.3400
Chioride. ppm 500 max
Citrate, Oxalate.

Phosphate. Tartrate none detected
Sulfate none detected
sugars none detected
Methanol, Methyl Esters (ppm) 250 max
Sodium, % 123 +0.2
Odor Practically odorless

WILCLEAR™ Sodium Lactate is used to enhance the microbial activity in situ for
biodegradation and reduction of chlorinated solvents. Technical support for
bioremediation applications is provided through an exclusive agreement with SRP
Technologies, developers of Bioavailability Enhancement Technology (B.E.T.™}, patent
pending).

55 gallon (600 Ibs, Net) Polvethylene Drums: 2.850 1b IBC’s

Store unopened under dry conditions at ambient temperatures.

AR303093
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BioRedox™

WILCLEAR™
High Purity Sodium Lactate Solution
A BioRedox™ Product

For
in Situ Bioremediation of Groundwater

« LOW COST, LOW MAINTENANCE SOLUTION FOR TREATMENT OF
CHLORINATED SOLVENT CONTAMINATION

« TREATS SOURCE AREAS USING BIOAVAILABILITY ENHANCEMENT
TECHNOLOGY (B.E.T.™, PATENT PENDING)

» SINGLE INJECTIONS SHOWN TO ENHANCE BIOLOGICAL ACTIVITY FOR
AT LEAST 2 MONTHS

« PHARMACEUTICAL-GRADE ELECTRON DONORS FACILITATE
BIODEGRADATION OF CHLORINATED ETHENES

+» STIMULATES ANAEROBIC BIOREMEDIATION BY INDIGENOQUS
MICROORGANISMS IN THE SUBSURFACE THAT USE CHLORINATED
ETHENES AS ELECTRON ACCEPTORS

+ WILCLEAR™ PROVIDES THE MOST UNIVERSALLY EFFECTIVE
ELECTRON DONOR TO SUPPORT CHLORINATED SOLVENT
DEGRADATION

e« WILCLEAR™ HAS BEEN SHOWN TO REDUCE CONTAMINANT
CONCENTRATIONS TO LESS THAN MCL’s IN A LARGE-SCALE FIELD
APPLICATION

e WILCLEAR™ HAS THE LOWEST METALS CONCENTRATION AVAILABLE
(NO METALS EXCEED PRIMARY MCL’s)

AR303094
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Biologically-Enhanced Remaval of
PCE from NAPL Source Zones

NATHAN COPFE AND JOSEPH B, HUGHES®
Department of Enviranmental Sclence dnd Engineering,

Rice University, 6170 Main Street, Houston, Texas 77005 ]88
——

The influence of dechlorinating microerganisms on PCE
and 1ts redugnon products in a residual nonaqueous phase
liguid {NAPL) source zone was investigated. Experiments
were conducted in upfiow columns containing glass beads
idiameters 500750 pmi contaminatad with a residual
NAPL consisting of tndecane and labeled YC-PCE Three
cofumns were inocutated with a mixed PCE-dachlorinating
culture, that was fed electron donor (pyruvate) at
concantrations of 25, 100, and 250 mM. Pyruvate was
fermented in all columns with essentially no methanagenic
activity. Comparisons between actively dechlorinating
columns and abiotic-PCE columns demonstrated that
dechlorination resulted in an increase in total PCE removal,
up to a factor of 16 over dissolution. PCE was sequentially
reduced to trichioroethens, cis-dichioroethene, and

vinyl chloride without ethene formation over the experimental
period in the two columns operated at the lower electren
donor levels. Total chiorinated ethenes rémoval far the
columns that retained dechlonnating populations was
enhanced from 5.0 to 8.5 timas over the removal that would
have resulted from dissolution alone. The system fed the
highest pyruvate igvels, interestingly, lost dechlarinating
activity early in the experiment.

introduction

Tetrachloroethene (PCE) and trichloroethene (TCE) are twao
of the most prevalent contdminants in groundwater (1, 2).
Their Tow agueous solubility and miscibility in organic co-
contaminants nften lead 1o PCE end TCE contaminated sites
characterized by the presence of nanaqueous phase liquid
INAPL) source zones thal present unique remediation
chalienges (3, 4). Pump-and-treat systems alone have been
ineffective in the remediation of NAPL source zones (5).
Microbia) reductive dechlorination of PCE and ‘TCE has
been investgated for nearly two decades (6—{6), typically
focusing on the binremediation of dissolved plumes (17, 181
Investigations inio dechlorination-based source zone res-
woration have begun only recendy (19, 20). Past effons of
source-zone remediation have been concerned with the
potential toxicity of high comaminant concentrations unthe
miceobial populations, but several studies have confirmed
biological dechiorination vreurring at aqueous saliuralion
PCE concentrations and high conceniratioas of TCE (16, 20~
23\. Halorespiring arganisms might actually have an advan-
tage in environments of high PCE and TCE concentrations,
such as NAPL source zones, where organisms normally

* Corresponding adhon phone: (713348 5403 fax (71303445201,
caitidl hughes@rice sdu, Corresponding address: Depariment of
Environ: nental Soenceand Cugaeenng, George L Brown School of
Luganeermg, Riee Uaniversiy, 6100 Main Street - MS 317, Howston,
TX 77005 5903
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competing with them for energy sources are nut able 1o thrive
(20, 24-27

la NAPL source »ones where dechlarination activity 1s
ot gbserved, the rate of chlorinated solvent cermoval
controiled by dissolurion. Dechlorination can_serve to

wcrease observed dissolution rates by decreasing chlorinated
ethene concentrations _at the NAPL ayueous interface

thereby increasing the overall mass-transfer rates into the

aqueous phase (28, 29). The reduced chlonnated ethenes all

~have greater agueous solubilities than PCE allowing for higher
total aqueaus chlorinated ethene concentrations. As de-
scribed hy Carr et al. (19), if dechlorination rates in source
rones are sufficiently rapid, it may be possible to substantially
reduce the longevity of the PCE component of the NAPL aud
minimize the time required for sie restorauon.

Partitioning of aqueous contaminants back inte NAPL
sOuUrce zones presents a complicating factor in the analysis
ofhow dechlorination processes effect source zone longevity.
PCL dechlonnation yields the reduced chlounated ethenes,
TCE, cis-dichioroethene (cis-DCE), and vinyl chioride (VC),
which tend to partition backinto the NAPL, causingtemporal
changes in NAPL campaosition and the concentration of total
ethenes in the aqueous phase. Farch of these dechlorination
products partitions more readily 1o the aquesus phase than
their parent compounds, incressing the {ux of total ethenes
from source zones. All of the chlorinated PCE reduction
products are regulated contaminants themselves, which
necessitates their complece removal from thie sourve for
rermediation (o be cumplete (3).

The abjectives of the studies presented herein are 1o
determine whether cechlorinating bacteria can reduce the
time required to deplete the PCE fraction of a simulated
NAPL soutee zone, to evaluate the effects of dechlorination
un chlerinated ethene distribution between the NAPL and
agueows phase, and 1o examine the eltect ol electron donor
concentrarion on chlorinated ethene removal rates. Experi-
ments were conducted in upflow porous media columns
containing a residual NAPL and an inoculum of PCE-
dechlorinating enrichment culture. Results demonstrated
that dechilodnation cauld substantially reduce the longevity
of PCE inn NAPLs compared to dissolution alone, but results
did net establish a clear link between electron donor leed
concentration and observed dechlorination activity.

Materials and Metheds

Chermicals. The following chemicals were obtained in liquid
furm: (tetcachloroethene [99+%, Acrusj; “C-tetrachloro-
ethene (100 4Ci, Sigma); trichloroethene (93 5%, Acros): cis-
dichloroethene (7%, Acros); 1.1.1-trichleroethane 199.5%,
Aldrich); tridecane (99%. Sigma): pentane (HPLC grade,
Actos); methanol (certified ACS. Fisher); and glacial acetic
acid (ACS Reagen, Sigma}. Gaseous chemicals obearned from
Trigas included vinyl chloride (8%, balance N;) and propane
99 95%: . Ethene (39.5%) and methane (99%) were obtained
from Scou Specialty Gases. Pyruvide (99-+%) and propionate
(99+%} were acquired as sodium salts from Sigroa. Scintil-
fation cockeatl (Scinitsafe, Fisher) was used for %C measure-
MEnts.

Nutrlent Medium. Reagent-grade chemnicals were used
in the preparacion of narrient medium. The medium
consistrd af the following: 400 mg/L NH.CL 400 mg/i KL
400 L MpCL-rELGL 140 g/l Kif:#0,, 35 mg/l CaCly
2H0. 10 mg/t (KabP0,) 6 2.5 mg/L KL 2. 5mgf L CaCl-6H.0.
0.5 mg!). ZnCls, 0.5 mgs L MnCles4H 0, 0.5 mg! L HaBO,. G35
mgil. BMiCLBia, 0.5 mest NayMol- 20, 0y mg/b
NV 200 gl yeast exdract, pyruvate {ranging m

W0 107148000738/ CCC S20 20 3 7001 Americat Chrmisl Socmly
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FIGURE 1. Schematic of caiumns used in experimants.

cuncentration from 2.75 mg/l to 27.51 migrl), and NatiCOy
as needed to buffer the systems (ranging in concentration
from 3.0 10 5.5 g/L).

Analyticat, Gas chromatography was used to determine
the aqueous phase concentrations of all chlorinated ethenes
and organic acids. Quantification of PCE and TCE concen-
trations was accomplished by extracting aqueous samples
(150 ul} In pentane (5 mL} for injection (1 uly ltito a gas
chrumatograph (Hewlett-Packard 5890} equipped with an
electron captute detector (ECD). The GC was fitted with a
VOCOL capillary colump (60 m x 0.75 mm 10, 1.5 um fifm:
Supeico), and the termperatures of the oven, injection pon,
and detector were maintained at 100, 200, and 300 °C,
respectively, Helium was the carrier gas (8 mL/min) and
nitrogen was used as the ataliary and anode purge gas (56
raL/min}. Standards were prepared by adding known masses
of PCE and TCE dissolved in methanol 10 vials containing
pentane (5 mLj end deiomzed water (150 pl). All samples
were spiked with aninternal standard of .1, 1 -trichloroethane
(final concentration of 415 mg/L) prior 1o the anatysis.
Nominal aqueous phase detection limits for PCE and TCE
were 10 and 50 ag/L, respectively.

Headspace analysis was used to quantify methane. ethene,
cts-DCE, and VC. Agueous samples (5 mL] were added to
serum bottles (70 mi.) crimped with Teflon-lined butyl rubber
septa. Propane (100 xL) was added as an internal standard
prior to zralysis. Each sample was allowed sufficient
equilibration time, after which headspace sampies (100 xL)
were directly injected onto a GC (Hewlett-Packard 5890)
equipped with a flame ionization detector (FID) and a packed
column (6t % 1/8in. OD) cantaining 60/80 Carbopack B/ 1%
5P-1000 (Supelca). The operating paramcters were as lol-
lows: 40°C, hoild 2 min.. ramp at 20°C/min. 1o 150 °C, ramp
at 19°C/min. to 200 °C. hold 10 min. The detecior temperature
wag set 4t 275 °C and the injection port at 200 °C. The fluw
rates for the gases were as follows: heiium (12 mL/min.};
hydrogen (40 mL/min.); and zero air (400 mL/min.). Stand-
ards were prepared by adding cés- OCE disscived in methanol
and VC, ethene. and methane gases, all at knawn volumes,
to aserum bottle (70 ml) containing deionized water 15 mb).
Nominal aqueous phase detection imits for cis- DCE and VO
were 200 and 50 ug/L. respectively.

Acetate, proplonate, and pyruvate were quantifled by
direct injection of aqueous samples onio a GC (Liewlett-

/

' Stanlcss Stesd Endgnecos

Packard 58501 equipped with a FII? and z packed column (6

i fr.x 'y in. QL) containing 80/ 100 Porapak ()% (Alitech). During

the run the oven was iscthermal {190 °(0), and the injection
port and detector temperatures were 'naintained ar 215 and
225 °C, respectively. Gas flow rates were as follows: helium
(20 mL/min.); hydrogen (40 mL/min.); and zero air (480 mL/
min.). All samples were filtered (0.5 um) during sampling
and were acidified with 50% H50, (20 xL/ml) prior w
injection onto the GC. Standards were prepared gravimetri-
caily in deionized water and then diluted to 1he desired
concentrations in separate wials with deionized warer.
Standards were run daily and acidified befate injection.

Radiolabeled C ethenes were measured daily by adding
aqueous samples (5 ml) to scintillation vials (20 mL)
conaining scintilluion cocktail (10 mL) and run after a period
not iess than 24 h in a scintlfation counter {Beckman LS
6500). Blanks containing only the scintilation cocktai] were
always counted in conjunction with the samples for cor-
rection purposes.

Determination of Parfition Coefficients. Tridecane/water
partition coeffleients (&7 ™) with umits of (L—tridecane! L~
water) for PCE, TCE, and cis-DICE were previously determined
by Carr et al. (19, The tridecane/water partition coefficient
for V( was determined by contacting deionized water {20
mL) with a V(./N; headspace in a serum bottle {160 mL). The
system was allowed to equilibrate, and the dissolved VC
solution was divided into two bottles, the first being a control
{5 ml) used te quantify the initial VC concerntration using
GC headspace analysis, and the second sample {15 mL) was
added (u a serum bottle (15 ml) that had tieen capped with
a ‘J'eflon-lined butyl rubber septum and aluminum crimp
cap. After sealing the boitle, tridecane (} m)) was added
displacing an equal aqueous volime. Samples were then
placed on a shaker table at room temperature (24 °C £ ¢ 57}
for & period of at least 24 h. Following equilibeation between
the two phases, an aguecus sample (5 il ) was anatyzed for
VC by headspace samplingon a GC. The difference benween
the control and the water in the NAPIL-systern ailowed for
the determination of the VC tndacane/water parttion
coefficient.

Column Deslgn. Experiments were carried gut 1n culumns
as depicted in Figure . Columns were giass {(25cm « 2.5cm

VOL 35 NQ, %0. 2001 / ENVIRCNMENTAL SOENCE & TECHNOLOGY = 2018
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TABLE 1. G;anﬁﬁ' tnniilinl of lldividui- Colamns

columhn
low donar  intermadiate  high donor

concon danor concn congn

(LDCI {I0C) {HOC)
column volume 1ml) 187.0 150.6 150.0
pore velume {mb) 60.6 4.4 53.4
porosity 0.36 0.36 0.36
flow rate imb'hi 0.842 0.75¢ 0.742
resizua!l NAPL [} 163 14.8 12.%
pyruvate cancn (midd! 25 100 250

(U, spectrum Chromotugraphy; with stainless steel endpieces
fitted with scieens {Rice University Support Shepy attached
to each end with a threaded polvmer collar and seaied with
viton C-rings LAmerican Packing and Gasket Co.. Fach
endprece accepred Swagelak firtings to allow connettion of
hoth Teflon rulxing and a glass sampling port with Teflon
stopcock {Rice University Ssupport Shop} to the column.

Each column was packed to capacity with 500-750 am
diameter glass beads (Polysciences, Inc.) in an alternating
fashior betwern the addition of glass beads {1 cm thick lifts)
and theintroduction of deionized water to fill the pore spaces.
A rubber mallet was employed to vibrate the column after
each [ift of besds was added, vielding consistent final
porosities of 0.36. Euch column had slightly different wotal
volumes and correspending pore volumes, but indin-idual
flow rates were acdjusied ta yield a retention time of 3 days
{see Table i}.

NAPL Preparation. A mixture of tridecane and labeled
"C-PCE was prepared (o simudate a PCE-containing NAPL
that consisted of an insuluble and recalcitrant arganic
fraction—very similar to the {ormulated NAPD used e
previous studics (19). PCE which contained a ratiwo of
unlabeled and M fractions of 94 1 ), was dissohved in
tridecane to a final weight fraction of 0.12 g PCE/g NAPL
(013 ino) PCE/inwl NAPL, based on an average molecular
weight of 182 g/mol). The NAPL was dyed to a visually
distinguishable redd tane with Sudan 11 to make muobilized
NAPL product detectable, The density of the NAPL was 0.81
g/mL, and the specific activity was 6.23 x 10° DPM/tnlL.

NAPL Flooding/Flushing and Start-Up. After column
packing was complete, NAP'L was added to each column in
adowntlow manner inorder (o avoid gravitational fingering.
NAPL (approximately 50 ml) was added through Teflon
tubing that extended from the top of column that was alfixed
to a giass-barreted syringe (50 ml} with Teflun plunger
(Supelco}. The Teflon wibing at the bottom of the column
vonnected to a se paratery funnel for collectionand separation
of the deionized water and NAPL. The influent NAPL. was
pumped at a rate of | mL/min., (Harvard Apparatus syringe
pump, Model 22 through the column, énd the NAPL was
visually tracked until it exited the column from the cffluent
tubing.

To obtain a residual NAPL, the flooding was folluwed by
dJeioniced water flushing o mobilize free NAPL. The flushing
was carried oul in an upflow manner o achicve untform
flow through the cohum and 1o minimize channeling. Each
column was [Jushed with DI water (10 pore volumes) at
progressively lower flow rates (pore volumes 1 4at4.0m[.!
min; pore volumes 58 at 2.0 mL ming; pore volumes 8- 14
at 1.0 mul./min) until no NAPL was abserved exiting the
calumn. The contents of the scparatory tunnel readily
separated and weee guantified gravimeically.

tach colump was el undiswiebed overnight (12 h with
no flow) to allow for potential NAPL redisuibation priar o
e mucrobial inoculation. Fheinocutum cansisted of a mised
cutture of dechlorinating and methanogenic bacteria that
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has been used in previous studies (60 Theee pore volumes
of the inoculum were introduced 1o the columa it the same
manner as the DI fushing at Aow rates of 4.0, 2.0, and 1.0
al./min. for the first, second. and third pore volumes,
respectively, Small volumes of NAPL were miobilized during
the inoculation and again gravimetncally guannfied. CGnee
the inoculation was complete the nuttient medivig Now,
which had been separated between twa syringes to eliminaie
in-syringe fermentation, was started, One syringe contained
only electron doner tpyruvate) in dejoruzed water, while the
other contained the remainder of the nutents and sodium
bicarbonate buffer in delonized water.

Protocol for Column Experiments. 1hree biotic enlumns
were run concurrently -each with idenucal operating pa-
rameters but for the concentration of eleciron donor and
sodium bicerbonate in the nutrient medium. Pyrovae
concenrztions were 23, 10, and 250 mmel in the nutrient
medium for columns low doupor concentration (EDO),
intermediate dunor concentratiun (IICE and high donor
cancentration (HDC), respectively. Sampling comntnenced 1
day after the introduction of the medium. Samples {3 ml},
for '"C analysis, were collected daily, while chlorinated
ethenes and organic acids were sainpled every 3 days (o
sample for each pore volume throughpat!. Daily pH meas-
urements of colomsn effluents were made, and sodium
hicarbonate concentrations were ad usted to attain a similar
range of pH in all columns. Ali samnpies were drawn from the
glass sampling port on the top of the column using & stainiess
steel needle (Popper. 6 in., 22 gauge! ana gastight syringe
(Harmuitor 250 4L locking or Hamilion 10 mL}. Each column
had dedicated sampling insttumenis that wee rinsed in
methanol and deionized water atter every use, Nutrient
mediurn was refreshed every 6 days by exchanging empty
syringes with new, full syringes (B—1). 60 mLi. Ta prevent
backfiow duning the exchange the two-way valve ar the
button of the column was closed until the syringes with new
media were in place.

During the first 2 weeks of operation small NAPL glub ules
were observed in column effluent. The red globules were
rasily detected visually, and the phases were separated in
the separatory funnel. NAPL volumes were gravimetrically
quamtified and residual saturation values updated based on
the NAPL loss.

Trapped Gas Measurements. After 75 days of cperation,
the influent medium was replaced with NaOH {1 N) 1o hali
bivlogical activity and to provide an estimate of the volume
uf carbon dioxide gas trapped in each colwinn, Flow rates
remained the same as thase meintained during the axperi-
ment, Three days were allowed for ane complete pore volume
of sodium hydroxide 10 be pumnped into the coluran. The
difference between the volume added to the calumn and
volume remaoved from: the column during this perind was
assumed to be approximately equai tn the volume ol carbon
dioxide gas trapped in each cofumn at the expetiments
endpoint,

Column [Hesection. Each column was aubjected to
cryogenric dissection followtng the sodium hvdroxide flush,
in an attempt to gain an understanding of dechlorination
and dissolution pattertis. Columns were dissected into three
equal pieces: top, middle, and bottom (each ~ 83 em long).
First the aqueous phase from the column was drained and
sampled 1o ensure that the NAPL had remained trapped in
the pore spaces af the column, Afier draining the aqueous
volume each endpiece was capped with a Swagelok plug
fitting, and stainless steel pipe clamps weee atached at
locations along each column o provide resistance against
expansion during freezing. The columms were delineated intc
sections of egual lengd and thun placed in a freezer ( 20
) far & perind of not less than 24 h. The frozen cofumns
were scored at the indicated marks and broken using a
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fulcrum and hand-pressure. The column section was then
immediately placed into a sampling jar (Qorpak, 16 oz)
parually filled with Tridecane (1G0 mL}, sealed with a Tefion-
lined iid. and placed in u freezer. After ali the dissections
were complete, jars were nllowed to warm (o room fem-
perature. Samples were thoroughly mixed to ensure complete
dissolution of the residual NAPL into the muchlarger volume
of tridecane solvent.

Measurement of Activity and Chlorinated Concentra-
tionsa by Sectlon. The chlorinated ethenes were quantified
by gravimetric sampling of ridecane from each'jar with 1*¢
activity counts made with the method outiined previpusly.
To determine the distribution of the various chlerinated
ethenes, deionized water (§5 ml.) was added toa serum bottie
(15 mL} followed by the addition of a tridecane sample {rom
each column sample jar (5 mlL) to displace an equal volume
of deionized water resulting in a2 volumetric ratio of 2.1
between the aqueous and tridecane phases. Serum bottles
were placed nn 2 shaker table at rgom temperalure for a
period of 12 h. Aqueous phase samples were analyzed by GC
w quantify chlorinated ethenes. Partition coefficients were
then used o compute the mass of each constituent in a
particular column section.

Determipution of Partitlon Coefficlents. Dimensionless
partition coefficienis for PCE. TCE. and cis-DCE were
previously determined experimentally by Carretaal. |/9). The
results reported were as follows: Ky = 3060; K7of = 395,
and X35 = 94. In this study the YC tridecane partition
coefficient was determined experimentally and found to be
K =40

Column Experiments. Gas Froduction and pH. Gas
production in each column commenced shordy after in-
ocufation. Small gas bubbles collected and becaune Gapped
in the pore spaces, visible through the glass column watls.
However, dissolved efffuent methane concentrations re-
mained near zero ihroughout the experiment for all columns.
indicating that the gas was primarily carbon dioxide.
Estimates of the volumes of trapped CU; in each column
roughly correlated to the amount of electron donor added
to each system. Columns LDC, IDC, and HDC contained
approximate gas volumes of 4.0, 11.5, and 14.5 ml., respec-
tively. These volumes relate to pore volume percentage as
follows: LDC (7% of pore volume), IDC (21% of pore volume),
and HDC (27% of pare volume). Increasing gas volumes
vielded higher seepage veiocities than cafculated assuming
a two-phase system (aquecus/NAPL) absent of any residual
gas phase. Daily effluent pH measurements fell within the
range of 5.3 - 6.9 for all columns over the entire experimental
period.

Crganic Acids. Tnfluent pyruvate was partially or fully
fermenied to propionate and/or acetate for all columns as
seen in Figure 2. Complete conversicn of pyruvate to acetate
and propionate was achieved from the outset in columns
LDC and IDC. Over the course of the experiment column
.OC had effluent electron donor concentrations that were
predominately acetate (91%) with the balance preseal as
propionate, A similar comparison of column (DC shows thal
pyruvate was fermented 10 acetate (78%) and propinnate
(22%), with no measurable pyruvate in the eflucnt Adifferent
patrernwas observed for column HDC which had a microbial
community that continued te improve its fermentatian extent
and rate over the experimental periad. For the first half of
the experiment approximately half of the influent pyruvate
was exiting rhe column unfermented with the balance exiting
asacerate. By day 38, increased activity bed 10 efuent organic
acid conceatrations increasingly dominated by acetaie and
propionate (which had naot been medsured abave trace levels
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FIGURE 2. Temporal pquecus phase arganic acid concentritions:
{2} column LDC, {B) columa LDC, and (c} columa HDC. The faftowing
symbais are congistemt in o/l pamels: ucotats {4}, propionate (CT},
and pyruvate (2).

Lefore day 36} By the end of the experiment, efluent electron
dunar was compaosed of acetate (85%) and prapionate {14%)
with only trace levels of pyruvate remaining.
| Chlorinated Ethenes. The chiprinated ethencs concentra-
{ tions from effluent samples are presented in Figure 3.
i Extensive dechlorination began at the outset of the experi-
mernt in two of the three columns. However, the quantity
and extent of halorespiration did nol correspund 10 the
quantity of electron donor added to each system. Inall cases
dechiorination ceased with the production of VC; ethene
was not vbserved in any of the systems.

Results from celumn LDC are presented in Figure 3a.
Relatively large quantities of VC were present in the column
effluent through day 27. These substantial V(. cancentrations
obhsarved early in the experiment were not sustained,
exhibiting a rapid tailing following the maximum concentra-
tion on day 24. Accompanying the decline in VC concentra-
tion was a gradual increase in effluent TCE concentraticn
undi the experiments’ endpoin;. Higher ¢is-1)CE concentra-
tions were also observed starting at day 34, pesking at day
4%, then falling slighily, and remaining nearly constant for
the fina) 21 days. PCE concentrations remained pear the
predicted equilibrium value over the entire experimental
i periud.
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FIGURE 3. Tempors! squeous phase chlorinated athens concentra- '

tiona: is) column LDC, {b) column IDC, and ic) column HDC. The
following symbols are consistent i all panels: PCE (4}, TCE ().
cis-DCE{A) and VC{O) audthe dashed line rapressats the calculated
agueoys soiubility of PCE exiling cofemas without any dachiari-
nation,

The data for colurnn IDC are shown in Figure 3b and are
similar to column LDC data tor the initial 2 -week period but
exhibita more rapid decline in VC production. A pronounced
change in the effluent chiorinaled ethenes occurred at day
24; TCE concentration more than doubled from the previous
sampling, and PCE was virtwally absen! in the sample.
Following this change, PCE ¢concentrations increased 1 levels
aboud hali that expecied trom equilibrium dissolurion alone
and remained su from day 30 to 75. TCE concentratians
continued (o increase {rom day 24 to the end of the
experimettal period with the highest concentration measured
a1 cthe final sampling -day 75. The production of ¢is-DCE
was lower than that observed in columa LDU and was
consistent throughout the second halfof the experiment (days
38-74).

Much different resutts were observed for coummn HUOC as
can be seen ia Figure Sc. With the exception of limired v
production carly in the study, the oniy observed removal
was due to "L dissolution. The concentrations uf PCE
rernained near the theoretical equilibrium prediction (dashed
line] for the entire experiment.

2018 ¢ LNVINONMENTAL SCENCE & TECHNOLOGY » vOL 35. NO. 10, 2000

i s .27

Cunmtetre Cheinneetd | vhones Rimoved | med,
.
-
o

} -'—-:lbkln..‘_r
FIGURE 4. Cumuiative moles of chlorinated §thenes coflacted from
alt thres columas LDL |4}, 1D |0), RDC [A), and removel based on

PCE dissalwtion enly {C).

TABLE 2. Finat Chiorinated Ethenes Mass Balance by ''C
Anaiysis

<olumn
LDC (%) IDC {%) MBC (%}
HC NAPL removed (flushing}? 82 8% 86
“C removed lefflugnt)® 5 4 3
"¢ remaining 1 9 12
mass balance 98 97 99

*Remowal during the inilisl aeionized water flugshing plus NAPY,
remaved during the first two experimantal weaks. ¥ Dissolved chlori-
natad sthenes, equal tu the cumulative removal.

Cumulative chiorinated ethenes remuoved from alf col-
umns are displayed in Figure 4. Significantly enhanced
removal was achieved in columns LDC and IDC. Column
HDC was just slightly more eftective than removal by
dissolution alone desplie the large quantities of electron
donor added to the system. I'he cumuladve fluxof chlorinated
ethenes removed from column LD and {DC was far greater
than PCE dissalution under abiotic canditions, with en-
hancement factoss (total moles of remroval divided by moles
of removal due to PCE equilibriun dissolution only) of 6.5
and 5.0, respectively, The enhancement factor for column
HDC was only slightly greater than unity at 1.3,

Column Dissection. Resuits of " mass balances, com-
pleted after analyzing column sections, arc prezented in Table
2. Each section was also analyzed to determine the chlori-
nated constituents distributivn within the columns, The
column sections were analyzed for tatal *C and to determine
1he relative fractions of PCE and TCE in each section. These
data is shown in Table 3, The remaining chiorinated ethenes
were elther not present o at tov low u concentration for the
GC technigues emploved. If present, their low concentrations
would make themn omly trace contributors to the towl
clilorinated solvem mass remaining in the systems.

Each column exhibited different wrends that may have
been influenced iy several varialiles including both biological
and physicalichemical faciors. As can be seen from the daia
in Table 3. ¢olumn LDC had a distribution of chiorinated
etheneas that was highest ioward the botiom of the column.
TCE concentrations were highest at the coluimn base, and
averall mare chan '/ ot the tatal chlorinated ethenes (added
as PCE) remaining in thi: cojumn had been reduced to ICE.
Column HIDC also exhibited tw highest concentration of '*C
ethenes in the bottom secnon, allhough no TCE was detected
in the column. A much different patern was evidenced in
column [DC. In this case the bostam scotion was (hie most
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ﬁl Culun-ﬁ Chilarinated [thewes by Section

Loe D¢ HOC
section lop midsle hottom top rmiddle botiam lop middie botiary
4L traction 0325 0.35 0.40 0234 0.48 0.1 021 D24 055
fraction as PCE 07g 0.7C 0.59 041 Q.05 0.20 1.¢0 1.00 1.00
fraction as TCE 0.2 .30 0.4 0.8 0.95 08D 3.00 0.00 o.oo
depieted section in the column. A majarity of the *C ethenes (RO -3 K0 va2 LOp v 3 4] P 13
; . e
and chlorinated mass was coneained i (tie muddie column Tt » 2C0y o0 CENOT + 3 HOHEY! T
secrion with s.grificant quantiries aiso residing in the op T4 He # COp 4+ SIHIGy = 3640001~y

third of the column. At the end of the 73-day experimental
period almast 86% of the remaining chlorinated ethenes
dissolved in the NAPL was TCE

Discussion

The objective of this research was to determine the effect of
dechiorinanng bacteria nn the fate of PCE and its reduced
products in the presence of PCE-cantaining NAPLs incolumn
systems. The determinatior of the final tridecane/water
nartition coefficient of VU wasimportant for understanding
the compuositional changes in the NAPL over the experinmiental

weae i

CFOET -1 HIO s I H O+ (1-WICHI0 = (3 Gred) Wy ¢ i~ TGy v
Where ¥ = DropionE  (rogianaic + sceume)

FIGURE 5. €quation developad ta calgulate hydrogen production

hased on the fraction of propionate preduced (y). The squation

axsumas no microhisl growth and retiacis observations of no
hydrogen consumption by hydrogunotrophic hacteris.

TABLE 4. Calculated Hydrogen Yield as a Fraction of l]"rlm-i; B
Acids Formed

period. Pantition voefficients decrease as the chlorinated prapionate acatate bydrogen yiald
ethenes became move reduced, coresponding to an increase hiaction (4 fraction (- (meol/mme! pyruvats)
in their aqueous solubility. A result of this behavior is an l‘ 0.00 1.00 1.06
increased removal rate from a source zone for more reduced 0.10 0.90 0.70
chlorinated ethenes relative to PCE. Hence, total remnoval of | 0.20 0.80 0.40
chiorinated eth.enes is strongly dependent not enly on the ,‘ 0.30 0.70 0.10
rate of dechlorination but the extent as well. 0.40 0.50 ~0.20
Column experiments were designed to guantitatively 0.50 0.50 ~0.50
describe the effect of dechlorination on the removal of g?g g;g )??0
chlarinated ethenes from a NAPL source zone compared to 8.80 020 3 ‘dg
theuretical dissolution alone. The experimental design .90 0.10 —170
simulated a medium-to-coarse grained sand aquiler with « 1.00 0.00 -2.00

groundwater velocity of 8 cm/day, containing a residual
NAPL. The NAPL used for these studhes consisted of labeled
3(C-PCE and a conservative hydrocarbon to imitate a mixed
organic waste, very simifar wo that used by Carr et al. (19).
This composition was chosen based on the vbservation that
n:any chlorinated selvent spills occur in the presence of fuels
or other organics (2, 5, 30). The iarge mass of msoluble
tridecane served to create a NAPL that would undergo only
minor volumetric reductions over the course of the expen-
ment—serving "o reduce the potential for NAPL redistribution
that might be cxpected following volurnerric losses.

Early gas production in all three cclumns indicated
bialogically active systems. Collectian of gas in the pore
spaces reduced the effective volume of each column, most
severely impacting column HDC. The reduction in available
pore space did not appear to inhibit the contact berween the
micrabes inthe aqueous phase and the chlorinated ethenes.
It did, however. serve to increase the flow velocity threugh
the columns. Muthane was detected only at low-levels
indicating that methanugenic activity was not competing
significantly with the dechlorinating bacteria for available
hydrogen. Effluent pH for alt columns was lower than that
abserved in the inoculum culiure, butit was generally within
the viable range for dechiorinating bacteria {pH 6.4=7.2).
‘The only aberration from this ranyge was caulumn HDC that
had plf values near 6.3 far the first 2 weeks of the experiment.

Organic acids data indicate that proper growth conditions
far1he fermenting biciena were present in atl columns. The
balance between the intluent organic acid {pyruvate] anct
the efflucin acids ldcetate. propionate. pyruvate) shaw that
on average 91% of the influer organiv acid was measured
i the efftuent imollimsl). some boss of carbon is vxpected
for incorparanon uuto cells. thus in appears that acetate was
not likely an electron donor for dechlorination activity, as
has been obiseoved by athess (G, 86— 10l Furthen support of

this observation comes fram studies involving this particular
culture {data not shown} that have cenfirmed that acetate
tloes not support dechlorination activity (415, In faet, effluent
acetate toncentrations in column LDC were olten greater
than the influent pyruvate (mot/moi} suggesting rhat an active
acetogenic papulation was present. The behavior of column
HDC indicates that the initisl population of active fermenting
arganisms condd not fully utilize the influent pyruvate. and
much of what was in the feed simply washed out of the
catumn. Quer the course of the experiment the fermentanve
pepulation became more robust, and by day 70, pyruvate
was completely absent in the eifluent.

Analvsis of the prganic acids data provides information
on estimating hydrogen generation using the equations
shown in Figure 5. The combined equations for pyruvate
conversiun (o propionate and acetate yielkled a single
equation (eg IV) that was used 1o calculale the quantity of
hydregen produced in each system using only the orgamc
acids data and influent electrun donor concenuations.
Equation: 1V rests on the assumption that all pyruvate is
termented to cither acetate or propionate in the absence of
methanogenesis (Lthis is not rigarously correct as it neglects
growthi. Total bydrogen production is ohtained from the
product af hydrogen vieid from eq [V imei/mol pyruvate)
and the concentration of influent pyruvate in the nutrient
medium, To correct tor incompiete fermentation of the
influent pyruvate in column HDC, the concentration was
scaled to equal the pyruviie added minus the congentration
of that measured in the gffluent. As can be seen in Table 4
the dipbunon of fermentation produces s extremely
important to the available hydrogen in the system. When the
fraction of fermentation products becoiues greater than 7y
propionate, the sysierm will acoually reginre hvdrogen inputs
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rather than prisduce hydeogen to be used in reducove |
dechlorination,

Lach of the chree colutins produced significantamounts
of hydrogen from che fermentation of the influent pyruvate.
Predictioms over the 75H-dav experiment showed that coluenns
LD, 113C, and BDC produced 26, 43, and 163 mmal of
hvdrogen respectively. Methanogeliesis was not a significam
campetitar for the hydrogen. so a majority of the hydrogen
produced was presumably. "available” for dechlorination.

Dechlorination was observed in all colpmns (uring the
initial 10-day perind. but the activity continued orly in
columns LC and 1DC after than time. Based on obscrved
extents of dechlorination it appears that all three colinn s
experienced some washout of dechlorinating organismis over
tne vourse of the experiment. Columna HDC was most severely
affected, with washour removing essentially the entire
dechlorinating population early in the experiment. Enth
columns LDC and IDC appear 1o have washed outa majority
ot the ¢is-DUE degradinyg organisms by the midpeint of the
experiment (day 33; wiile retaining the organismis) respon-
sible Tor PCE and TCE dechlonination. This resuit 1s not
surprising based on the slow growth rares of cis-DCE

degraders that have been observed in highly purificd enrich-
ment cultures in our laboratory (31). The timing ot the
washout of cris-(KF. degraders was crucial to cumulative
ethenes removal—primarily due to the high concentrations
uf VO thatwere produced and the significanily Jower panijtion
coeflicient of VI compared to the other chlorinated ethienes.
The more rapid washout of the dechiorinating organisims in
columns [DC (cfs DCE degraders) and HDC {all dechlori-
nators) appears 1o be related 1o the €O, production and
retention within the columns. The increase in Dow velocity
for columns 112C and HDC was 21% and 26%, respectively;
compared with an increase of less than 10% for column LDC.
The significantty different behavior of the columns [DC and
HDC muy also be a result of slight pH differences obaenved
early in the experiment that may have vielded iess than !
oplimal growth conditions in column HDC,

Data of 1otal chlorinated ethenes remaoval indicates that
column LU achieved the highest removal levels in effluent
sampies over the 75-day experiment. Column [DC also
exhibited removal of chiorinated ethenes that was far above
that from PCE-dissolution alone. Interestingly, a longer
experimental period would likely have shown even greater
enhancement in culumn iDC. By the end of the swdy, the
effluent contained rlevated concentrations of TCE, evidence
of a NAPL that was cupsiderably enriched with TCE. High
dqueous TCE concentraiiuns have the potential to select for
cs-DCE produciion, whick in 1urn would have greatly
unhanced the rate of source depletjion.

Column dissection resulls supported this theory, indicas-
ing that columa 1DC had depleted a majority of its PCE. The
huix of the initial PCE remained in the NAPL in the form of
TCE. As TCE was transported in the eclumnmn, it was refained
in the NAPL due w0 115 high partition coefficient. Column
cifluent data did no* reflecr this large production of TCE
until all of the NAPL, vxtending from the 2ane of dechlori-
nation al the base through the top of the column, developed
elevated TCE kevels capable of yielding the high effluem
aqueous phase concentrations observed by the end of the
expeniment.

Informatiun gathered in the column dissection studies [
suggests that significary spatial variations existed in dechin- |
crattan paten among coltunns. Column LOC appears (o )

have dechlorinated prumarily from the top of the column,
pethaps progressing down the column over the course ol
the experiment, whereas colunmn IDC depleted the boiom
section of PCE winhlly and had a lacge mass of TCH migrating
upward with the ilow of fresh nutnent medium entenng the
base. Unfortunately. the spatial and temporal variabitity in |
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dechlonnation made biomass determinarions and kinette
analysis unrehable, and dissection of the columng provided
data anlyv on the il reduction of #CE  the various fess-
chilurinated ethenes.

Calcuiating etficiency {the fraction of hydrogen wsed for
dechlorinaiinn in relation 0 the predicted total hydrogen
producion) as a gauge ol perfcrmance for each column
was eonducted using caiculated bvdrogen producton and
measured total PCE reducnon. Hydvogen use efficiency
calculations for columns LDC, IDC, and 1IDC were 13%, 7.0%,
and 0.1%. respectively. The abserved efficiency decrease that
actompanied increasing influent pyruvate concentrations
occurred as expected, partcularly for column HDC which
exhibited almost no dechlorination activity

Despite the more efficient performance of cojumn LDC
with regard to hvdrogen utilizalion, the [racuion of chlorinated
ethenes remaining in the NAPL was predominately PCE (68%)
with the balance as TCE. Column IDE, alernatively, had
lower ":ydrogen use efficiencies, but PCE accounted for only
20% of the remaining NAPL chlorinated ethenes, agaln with
the halance as TCE. The conversion of PCE to TCE results
in a parustion coefficient reduction that decreases the
longevity of the contaminant by nearly 8-fold. In the worst
casc scenario where dechlorination ceased after 75 days
complete chlorinated ethene dissolution would have been
achieved (assuming nc mass transfer resistances) in 617 days,
158 days, and 1135 days for columns LG, 1UC, and HDC.
respectively. This may indicate benefits to adding an amount
of electzon donur far beyend stoichiomerric requirements,
at the cxpense of efficient hydrogen use. atthough it may be
possible (based on results from column HDC) to add
det:imerital levels of electron donor.

Column studies demonstrated that dechlorinating bac-

teria_could significantly ympact the lopgevity of PCE.
coniaining NAPI suurce zones. The reduction of PCE to less

chlorinated ethenes grealy increases the aqueous sotubfiity
of the contaminants in cunjunction with increasing the overall
mass-transfer of PCE (o the aqueous phase. As shown by
Carr et 2l (19, the partitioning behavior of the terminal
chlorinated ethene was essentiel in evaluating the longevity
of the chlorinated ethene fraction of the NAPL. Longevity of
4 source zone will be diminished by greater extents of
dechlorinativn; however, the heterogeneous nature of the
NAPL within the columns resulted tn effluent anaiysis that
yiclded only information representative of NAPL/water
equilibrium at the exit ofthe column. Thus, effluent samples
did not reflect significant amounts of PCE reduction taking
place, which could onty be confinmed by the final destructive
sampling. Cummulative removal ofall chlorinated ethenes from
the columns was nat correlated to the influent pyruvate
concentration, and if the observed results are accurate it
appears that it may be possible to add excessive levels of
electron donor. Efficien: use of electron donor has been the
subject of much interest in plume-remediation where the
volumes of water 10 he teated are much larger, and
amendment costs are important in evaluating the economic
viability. The smaller velume of source zones compared 1o
plumes- and the potentiai cost-savings realized by reducing
the titne a remediation sysiem needs to operate after a source
is exhausted of contamination—may make efficiency criteria
lesy important. Ultimately, the tradeoffs berween substrate
costs avd the remediation operatinn time frame need to be
analyzed. with the best solution optimizing the (wa param-
eters t0 obtain a cleanup strategy offering the largest net
benetit/cost ratio. The abiity of dechlorinaters to grow at
high aguecus voncerations leven gt saturaliony of POE,
coupled with 1esuits rom_this study, suggest that such
analysis be conducted to evaluate the nabjlity of svurce rone
bivremediation as a strategy 1o reduce the duration of lang-
term NAPI. croblems. ;
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Remediation of DNAPL through Sequential In-Situ Chemical Oxidation and Bioaugmentainon

e
Previous studies have demonstrated that naturally-occurring bacteria can be added to aquifers to promote
anaerobic biodegradation of chiorinated solvents to environmentally-acceptable end products such as
ethene and chloride. To date, the impacts of permanganate and reduced manganese-oxides on the activity
of these dehalorespiring microorganisms have not been assessed. This project will demonstrate the
application of a sequential treatment approach for sites with chiorinated solvent dense non-aqueous phase
liguids {DNAPL} that uses in-situ chemical oxidation with permanganate coupled with enhanced
bioremediation. Coupling these technologies provides a cost-effective remedial approach that can 1)
substantially increase the dissolution rate of DNAPL and accelerate DNAPL removal and/or 2) contain
plume migration by rapidly degrading the high concentrations of dissolved phase contaminants that
emanate from the DNAPL source.

l\ L)
Purpose: o

Description:

The initial phase of this project will include a treatability assessment using uncontaminated soil spiked
with perchlioroethylene (PCE) DNAPL. The laboratory study will evaluate the impacts of chemical oxidation
on the inorganic geochemistry and microbiology of the aquifer materials and the need for aquifer pre-
conditioning prior to bioremediation, determine whether dechlorination of PCE to ethene may be
accomplished through either biostimulation of the surviving indigenous microorganisms or
bioaugmentation with a dehaiorespiring bacteria consortium, and identify optimal conditions (electron
donor and concentration) for biostimulation and/or bicaugmentation using an accepted dehalorespiring
microbial culture. In the second phase, a Department of Defense (DoD) site will be selected for a field
demonstration. Site-specific data will be used to design a closed-loop groundwater recirculation system in
a DNAPL source area. Groundwater will be circulated through the treatment zone under a variety of test
conditions inciuding 1) baseline {(non-biologically enhanced using unamended groundwater), 2) oxidant
addition using concentrated permanganate solution, 3) electron donor addition (biostimulation), and 4)
electron donor addition plus bivaugmentation of dehalorespiring microorganisms.

Benefits:

This technology demonstration will resuit in the development of an innovative in-situ remediation
approach that will allow cost-effective and expedited cleanup of DNAPL source sites at DoD and related
facilities. As a stand-alone technology, chemical oxidation provides significantly enhanced dissolution and
destruction of the target contaminants within a refatively short period; however, the rate of mass removal
by this technology diminishes over time. At many sites, the most appropriate use of this technology may
be rapid removal of accessible target DNAPL mass within the source area followed by the implementation
of a less active in-situ remediation approach (enhanced bioremediation) to contain migration of the
remaining dissolved phase contaminants.

Contacts:

Technical Contact:

David Major

GeoSyntec Consultants

160 Research Lane, Suite 206

Guelph, Ontario N1G 5B2 A R 3 03 I U 7



Telephone: (519) 822-2230
Fax: (519) 822-3151

DoD liaison Officer:

Mr. Lance Hansen

U.S. Army ERDC

3909 Halls Ferry Road

Vicksburg, MS 39180

Telephone: (601) 634-3750

Fax: (601) 634-4844

Email: hanseni@exl.wes.army.mil
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4 Mark Road Suite C, Kenilworth, New Jersey 07033

A,

(908) 206-1250 / (908) 206-1251 Fax
contact@geocleanse.comn

Since 1993, Geo-Cleanse
International, Inc. (GCI} has worked
to become the premier chemical
oxidation company. As the chemical
oxidation field continues to evolve,
GCI has expanded our services to
incorporate the advances occurring
within the industry, as well as our
own proprietary technologies.

In the coming years, we seek to
continue to be the leader in the
delivery of chemical reagents for
remediation purposes. The patented Geo-Cleanse® Process, a
specialized in-situ delivery system, remains the core of our
business. GCI has expanded our services to utilize other oxidants
and enhancements for injection as well as other treatment
options,

Geo-Cleanse services include:

Fenton's Reagent Chemistry Injection
Potassium Permanganate Injection
Sodium Permanganate Injection
In-Situ Treatment of Heavy Metals
Ex-Situ Chemical Oxidation of soils

» Bio-enhancement / Surfactant Injection

These new treatment services enable us to offer our customers
the best alternative for their site-specific remediation goals. The
philosophy of our organization is to provide for our clients the
best alternative to treating their environmental concern while
reducing both their cost and time to completion. Always present
is GCI's commitment to providing quality and reliable service to
our customers.

Free Site Evaluations

If you would like GCI to evaluate a site, please fill out a site
summanry sheet and include a site map indicating the relative
position of the plume and some representative soil boring logs.
Please fax this site information to (908) 206-1251 and GCI will
prepare a ballpark estimate for you.

Site summary sheet D\R303\09




Copyright © 1998-2001, Geo-Cleanse International, Inc.
All rights reserved.
4 Mark Road Suite C

Kenilworth. New Jersey (07033
(208) 206-1250 / (Y08) 206-1251
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Steam Enhanced Remediation (SER)
sty Bonitoning

Now large and small sites contaminated with petroleum products, creosote and salvents
Cart wa chean your it ? can be remediated faster and at lower cost. Steam Enhanced Remediation-Dynamic
Undarground Stripping {SER} has changed the name of the game in rermediation: We no
longer hava to pump-and-treat for decades, or run soil vapor extraction and air sparging

Steamtach Projects systems forever to controf the risks. We don't have to wait for the slow dissolution and
natural attenuation mechanisrm while properties and groundwater are held useless. This
in-House Cappbulities site explains how the simple process of adding heat has been developed into a low overall

cost accelerated method for site cleanup:

Pabticabions

SER is highly effictive for removal of both volatile and semi-volatile compounds.
Relgences ¢ Both LNAPL and DNAPL contaminants are removed.

® SER works both above and below the groundwater table.

c(}m:?‘aﬁ'?' info ® SER can be designed with excellent process control and minirnal risk using
Electrical Resistance Tomography (ERT).

Employment

e Thermally enhanced cleanup is relatively inexpensive: It is now possible to
remediate subsurface DNAPLOs at a cost ranging from $30 and upward per
cubic yard depending on the size and location of the site.

& Cleanup times are reduced from decades to months due to the fast processes at
higher temperatures, resulting in greatly reduced liability periods (it turns your

contaminated property into a vaiuej.

SteamTech has dermoanstrated the SER technology at the Portsmouth site in Ohio, as the
sole technology provider. Also, SteamTech participated in the full-scale cleanup at Visalia
Pole Yard (SCE 2000), and the demonstration at Alameda Point (BERC 2000).
SteamTech has been selected as the sole technology provider for the full-scale SER
application at Port of Ridgefield, WA, This is 2 500,000 cubic yard site contaminated by
wood-treating chemicals. SteamTech implements an emergency source removal using
SER, thereby protecting an adjacent wildlife refuge, a nearby saimon-rich river, and an
underlying primary aquifer.

What is Steam Enhanced Remediation?

Steam Enhanced Remediation-Dynamic Underground Stripping is a combination of
technologies previously used separately, adapted to the hydrogsalogy of typical
contaminated sites:

& Steam injection at the periphery of the contaminated area to heat permeable
subsurface areas, vaporize volatile compounds bound to the soil, and drive
contaminants to centrally located vapor and liquid extraction wells.

® FElactrical heating of less-permeable clays and fine-grained sediments te vaporize
contaminants and drive them into the vapor phase (DUS covers the combination

of stsam and electrical heating).
¢ Underground imaging, primarily Electrical Resistance Tomography (ERT) and

temperature monitoring, which delineates the heated area and tracks the steam
fronts daily to ensure total cleanup and precise process contral,

e Extraction, separation and treatment of effluent vapors, NAPL, and water on-site

for complete contaminant destruction or off-site disposal.

The major mechanisms in the remova! of the contaminants are:

® Fast rermoval of liquid, dissolved and vapor phase contaminants by physical
transport to extraction wells. NAPL is removed from the extraction welis along
with hot water. Contaminated vapors ara extracted from the walls by aggressive
vacuum extraction.
e [n-situ destruction of contaminants due to thermally accelerated oxidation
processes (Hydrous Pyrolysis/Oxidation and biological mineralization), converting
harmful chemicals into carbon dioxide and water 3 ' l '
AR30

£PRTE- Heenm
ot Aoy PR



Figure 1. Schemalic showing the
principle of Stearm Enhanced
Ramediation/Dynamic
Underground Stnipping. The
imaction well to the nght wauld be
jocated outside the contaminated
area. The extracton well is inside
the source zone (modified from
Newmark et al. 1994)

For frequently asked questions and answers regarding the efficiency and safety of
SER/DUS, click here.

SER/DUS is effective both above and below the water table, and is especiaily well-suited
for sites with interbedded sand and clay layers.

Why does heating up accelerate removal so much? -
Raising the teamperature of the soil and groundwater leads to rapid removal of organic
contarninants due to the following thermodynamic changes (Udell, 1996; Heron et al.
1897, Dawvis 1897):

¢ The volatility {vapor pressure and Henry's law constant) increases typically by a
factor of 10-20 for most organics when the temperature is raised from 15 to
100 'C, which dramatically shifts the equifibrium towards the mobiie vapor phase.

» Separate phase contaminants (NAPL) will boil preferentially, since the boiling
point of a mixture of two liquids is lower than any of the two individual boiling
points.

Adsorption to scil particles is reduced by heating.

& Both aqueous and gaseous diffusion coefficients increase (20-100 %).
Soelubility and dissolution rates of the arganics increases, which speeds up
removal during pumping of water by up to 5 times (typical 50-100 % solubility
increase from 15 to 100 °C, and 2 to 4 times higher dissolution rates).

e The viscosity of liquids such as crude oil, creosote and coal tar will be greatly
reduced, leading to enhanced recovery by pumping.

e |nterfacial tension between NAPL and water is reduced, leading tc enhanced

recovery by pumping.

The dominant removal mechanisms for volatile contaminants are the increased
volitalization and steam stripping when the mixture of water and NAPL reaches the boiling
point. Excellent cleanup results have been achieved in the laberatory, simulating cleanup
using steam injection and Joule heating for gasocline, dils, creosote, and chlorinated
solvent DNAPLs (Hunt st al. 1989; Udell 1996; Heron et al. 1997, Heron et al. 1998).
Field demonstrations inciude successful applications to sites containing chemical
mixtures (Udell & Stewart 1989; BERC 2000), gasoline (Newmark et al. 1394}, jet fuel
{Udell & [tamura 1995), wood-treating chericals (SCE, 2000}, and chiorinated solvents
such as TCE (SES, 1999).

In addition to the physical remaval of contaminants, in-situ chemical destruction has been
shown to be a major factor (Knauss et al. 1997). This phenomenon (Hydrous
Pyrolysis/Oxidation) is presented in more detail at the page Hydrous Pyrolysis/Oxidation.

What equipment is needed?
The major companents of the SER technology are:

@ Injection and extraction wells used for steam injection and liquid and vapor
extraction. Wells have been designed for high temperature and chemical
tolerance. SES uses special grout and well-completion methods based on 30
years of il fieid experience and several SER field demonstrations,

o \Water softening, steam generation and steam distribution system. SteamTech
uses proven technology for steam production, pressure regulation, and
distribution to the injection wells,

¢ Effiuent vapor and liquid treatment system. SteamTech designs, builds and
operates custom treatment systems optimized for the actual contaminants,

pressures, and flow rates for water, NAPL, and vapor. The systemns include heat
exchangers, condensers, phase separators, vacuum pumps, vapor

AR303112



treatment/destruction units (thermox, catox, activated charcoal, etc.), and water
treatment units (for organics and heavy metals).

® Subsurface monitoring system consisting of ERT and temperature monitoring
equipment.
e (General utilities, equipment and waste handling facilities. These are well-known

facilities common to environmental cleanups.

SER Scenario

QOur laboratory studies and field results indicate that the desired contaminant removal is
achieved when every area in the target zone has been brought up to boiling and held
there for a pericd of weeks to months, Figure 2 shows the phases in SER/DUS for a
typical site with horizentally inter-bedded sand and silt layers.

e In Figure 2A and 2B, steam is starting to break through in the groundwater,
condensing to hot water at the steam front. Contaminants with very low boiling
points will be pushed ahead of the steam front towards the extraction waells,
pufied by the vacuum.

® After steam breakthrough in the permeable layers (Figure 2C), steam flushes
through and removes the bulk of the contaminants from the permeable zones-

& |[f the low-permeable layers are sufficiently thick, then either heating for a long
time (months) or electrical heating of the clay layers is needed (Figure 2D).
Pulsed stearn injection alse helps remove contaminants from the low-permeable
zones, since the pressurization-depressurization leads to boiling and steam
convection out of the clays (Udell 19986, itamura & Udell 1995).

® Injection of oxygen into the steam zone is used to stimulate degradation
reactions such as HPO and biological mineralization. Cyclic operation is used to

optimize oxygen delivery and mixing.

The strategy for the heating may be adjusted in the course of remediation, since daily
monitoring of temperatures and electrical resistance allows for excellent process control.
Typical adjustments are stearmn injection pressure regulations on individual wells,
adjustment of the applied vacuum at the wells, and adjustment of the liquid pumping
rates.

A. Initial steam heatuy B, Steam spreading

3 Clay layer
W Cobd 2one
I stor ey
23 Bleatn tone

B Supported heating,

£ Steant bresh-thvongh

Figure 2. Schemalic showing the heal-up phases in a typical SER/DUS cleanup at a site with interbedded
sand and clay layers

Since every site is unique, SteamTech uses all available data to tailor a well-field and
operational design to each site. As a consequence, avery project to date has used
different designs. SteamTech offers consulting and design services on a site specific
basis, since all aspects of geology, hydrology, geochemistry and contaminant physics
must be carefully addressed. For examples of well-fisld design and operation, see our
full-scale implementaticn examples on the projects page.

Remeds Yechnologiey

Contact Information: 4750 Burr Street Bakersfield, CA 93308
Phone: 661-322-6478 » FAX: 661-322-6552

Hank Sowers

President and CEQ A R 3 0 3 l ' 3

E-mail: sowers@steamtech.com




